Introduction
Carbon, the material that all known life-forms contain, has plenty of allotropes. The most widely known among them are graphite, diamond and amorphous carbon. Diamond in particular has been known to mankind for almost 6000 years. Although the most common use of diamond is in jewellery, some of its extraordinary properties make it suitable for various engineering and scientific usages. It is one of the hardest materials known, which makes it an excellent candidate for cutting and grinding tools. In its pure form it is an insulator but it can be turned into a semiconductor or even a superconductor by sufficient doping. In nature, diamond is formed at high temperature and high pressure inside the earth at a depth of 140-190 km over a period of 1-3 billion years. It is also possible to grow diamond artificially by a high-pressure high-temperature process, which mimics the conditions present inside the earth. 1 deposition (CVD) has also been used to grow diamond artificially. 2 The main advantage of this CVD process is the ability to grow diamond films on large substrates. It opens the possibility to use diamond in a variety of applications, like heat sinks for high heat-producing electronics, coatings to reduce wear and tear in mechanical tools, to name a few. 3 The CVD process also allows control of various other properties of the film. It is possible to grow films of varying grain sizes from a few nanometres to microns. Apart from this, one can add a variety of dopants to drastically change some of the properties of pure diamond. Naturally occurring blue diamond, which contains boron impurities, is semiconducting. The use of CVD has made it possible to alter the boron concentration such that doped diamond can even be turned superconducting. The first reported superconducting diamond was grown in 2004 by Ekimov et al. 4 using a high-pressure, high-temperature method. They achieved superconductivity by heavily doping the material with boron above a critical concentration. This discovery led to a flurry of activity in the study of superhard superconducting materials. [5] [6] [7] [8] [9] [10] [11] [12] Diamond is now known to be a type-II superconductor with a critical temperature close to 4 K and a critical field in excess of 4 T. 4 However, recently, transition temperatures as high as 11 K have been achieved in homoepitaxial CVDgrown diamond films. 13 The origin of superconductivity in diamond is still highly debated. At present there are three competing theories to explain its origin but any serious experimental evidence is missing to date. The three competing theories are: i) phonon mediated pairing-driven conventional BCS theory, 14 ii) correlated impurity band theory 15 and iii) weak localization of spin-flipdriven hole pairs close to the Fermi level. 16 Some recent studies on the isotopic shift of the transition temperature upon isotopic substitution of boron and carbon atoms point to conventional BCS theory, 17 but more experimental studies are required before a conclusion on the origin of superconductivity can be drawn.
Although the origin of superconductivity in diamond is an interesting field of study, our main interest lies in the fact that, in addition to its superconductivity, diamond also has a very high Young's modulus. This makes it an excellent candidate for making superconducting nano-electromechanical systems (NEMS) of very high quality. However, the realization of NEMS is only possible if it can be proven that the superconducting, [7] [8] [9] as well as the mechanical, properties 10 of the nanocrystalline layers of diamond grown on a non-diamond substrate, like silicon, are preserved even when the material is nanopatterned. This chapter will focus on a comprehensive study of nanopatterned superconducting diamond films grown on silicon dioxide on a silicon substrate. First, we will discuss the details of the nanofabrication process of diamond thin films. Then, we will present our results on low temperature studies of these nanopatterned circuits, followed by studies on diamond superconducting quantum interference devices (SQUIDs). We will conclude this chapter with the very first results on electromechanical systems made from boron-doped diamond.
Nanofabrication of Polycrystalline Boron-doped
Diamond Figure 16 .1 shows the schematic of the complete nanofabrication process. We start with CVD-grown, boron-doped diamond on 500 nm thick silicon dioxide on a silicon substrate. The details of the growth process can be found elsewhere. [18] [19] [20] The film is thoroughly cleaned in mild acid solution followed by rinsing with water. Then, the film is dipped in acetone for a few minutes to remove further organic pollutants that may be present on the surface. As a final step, the sample is dipped in isopropyl alcohol, which is then allowed to evaporate to obtain a clean surface. This cleaned sample is spin coated with 4% polymethyl-methacrylate (PMMA) to form a 250 nm thick layer, which is then prebaked at 180 1C for 5 min. This layer of PMMA is exposed to an electron beam with a dose of B300 mC cm À2 with an acceleration voltage of 20 kV. The exposed PMMA layer is then developed for 35 s in a solution of 1 : 3 methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA). The developed layer is then covered with 65 nm of nickel and evaporated in a standard electron-gun evaporator. This is followed by the liftoff process by dipping the sample in acetone, which results in a nickel pattern as shown in the middle panel of the second line in Figure 16 .1. This nickel layer acts as a mask for the plasma etching process. The etching is done using an inductively coupled plasma-based reactive ion etching process. The sample is cooled to 10 1C while being exposed to the oxygen plasma for approximately 8 min. The anisotropic nature of the etching process results in structures with a height-to-width aspect ratio greater than three. After this process, the nickel mask is removed by dipping the sample in FeCl 3 solution followed by cleaning in dilute acid solution, acetone and finally isopropyl alcohol. At this stage, ohmic contacts are evaporated on the contact pads using photolithography and a standard electron-gun evaporation technique. The ohmic contacts consist of a trilayer of titanium, platinum and gold with thicknesses of 30, 50 and 40 nm, respectively. This trilayer is then annealed in high vacuum at 750 1C for 30 min to form a titanium carbide interface between the metals and the diamond layer. This completes the process for realizing micro-and nano-circuits out of boron-doped diamond.
In Figure 16 .2 we have shown scanning electron microscope (SEM) images of a typical circuit used for low-temperature characterization of nanopatterned diamond films. Note the small section in the last panel of the figure showing a line with a thickness of 350 nm, a length of 500 nm and a width of 90 nm. Such a high aspect ratio is possible due to the anisotropic nature of the etching process. In order to fabricate electromechanical systems, an additional step is added to this process, as shown in the last panel of Figure 16 .1. The circuit is exposed to highly reactive hydrogen fluoride gas, which etches away the SiO 2 layer underneath the diamond, resulting in suspended structures of desired geometry. Diamond itself is inert to this chemical etching process. A typical suspended beam is shown in Figure 16 
Low-temperature Characterization of Nanofabricated Samples
In this section we will discuss the low temperature results for our nanofabricated circuits. The measurements were done using both standard DC and lock-in based AC measurement techniques in a common four-probe geometry. The measurements were performed in both 3 He and 3 He/ 4 He dilution refrigerators. For the electrical characterization of the film, silver paste contacts were deposited on the film within a distance of approximately 5 mm. The resistance was measured as a function of temperature with a bias current of 1 mA. The results are displayed in Figure 16 .4. The transition temperature of the film was close to 3 K with a transition width of 0.7 K using 10-90% of the onset resistance criterion. The width in the transition temperature can be attributed to a variation of the grain sizes in the sample.
In Figure 16 .5 we show the superconducting critical temperature T C of wires with various widths. For the measurements we used very low currents, typically of the order of 100 nA. The transition temperatures of the wires with widths greater than 100 nm are close to 2 K, which is similar to the bulk value of the wafer from which the circuit was fabricated. Only in the case of the narrowest wire, which is less than 100 nm wide, T C is close to 1.5 K. This observation is confirmed for other wafers, where wires with widths greater than 100 nm have T C values close to that of the non-patterned sample, while for wires thinner than 100 nm, a slight suppression of T C is seen. We have also measured the voltage-current (V-I) characteristics of these wires. Some of the results will be presented in this chapter, whereas detailed descriptions of the results can be found elsewhere. 21, 22 Figure 16.6 shows the V-I curves measured on a 500 nm wide wire at various temperatures. The curves are hysteretic due to thermal effects. When the current in the wire is ramped up from zero, the voltage across the wire stays zero as long as the bias current is well below the critical current. Once the critical current is reached, the wire starts Joule heating due to its finite resistance. Subsequently, on decreasing the current, the critical current, usually called the re-trapping current, is much lower than what is measured while increasing the current. 23, 24 The slight asymmetry of the V-I curves is attributed to an offset in our measurement set-up. We have also done similar measurements at various temperatures on wires widths of 350, 250 and 90 nm. 22 The result for the 90 nm wire is shown in Figure 16 .7. The V-I characteristic for the 90 nm wire is non-hysteretic even at temperatures as low as 50 mK. The critical current at the lowest temperature is close to 20 nA. The reason for the non-hysteretic nature of these curves is due to low power dissipation when the sample reaches the critical current. For a sample to show hysteretic behaviour, the power dissipated at the critical current must be higher than the re-trapping power of the sample. Here, the re-trapping power is close to 4.5 pW, 22 while the power dissipated at the critical current is of the order of 0.65 pW. Hence, in this case thermal effects do not come into play when the sample transits from the normal state to superconducting state and vice versa.
Apart from the temperature dependence of the V-I characteristics, we have also measured the isothermal V-I characteristics at various applied magnetic fields for in-plane, as well as out-of-plane, configurations. In Figure 16 .8 we have presented the out-of-plane configuration results for a 500 nm wide wire. The curves are hysteretic until an applied field of 30 mT is reached. 21 Above 30 mT the curves are no longer hysteretic due to the fact that the critical current of the device is lower than the re-trapping current. The lowering of the critical current is because of the suppression of superconductivity due to magnetic field induced pair breaking effects. For a closer look at the data, we have numerically calculated the differential resistance of the sample, as presented in panel B of Figure 16 .8. For fields as high as 500 mT, we have seen a clear zero resistance state close to zero injection current. 21 Above this field, even though the resistance never becomes completely zero, a local minimum at zero current suggests the existence of superconducting pockets, even at fields as high as 3 T. We have also measured the V-I characteristics of the wire by putting an in-plane field perpendicular to the flow of current. The results are shown in Figure 16 .9.
In this case the curves are hysteretic until the in-plane applied field reaches a value of 130 mT, which is clearly different from what is seen in the case of the out-of-plane applied field. One quick look at the curves in panel A of Figures 16.8 and 16.9 tells us that, for the same applied field, the critical current is higher for the case when the applied field is in the plane of the sample. We believe that the suppression of the critical current in this system is due to vortex penetration in the devices. Here, the difference in the aspect ratio of the devices when applying the field parallel or perpendicular to the surface may result in a higher vortex density when the field is applied perpendicular to the sample surface. In the case of in-plane fields the measurements were done only until 400 mT and, for the 500 nm wide wire, we see a clear zero resistance state close to zero injection current even at the highest applied field.
In conclusion we have shown that nanofabricated samples made from boron-doped diamond retain their superconducting properties. We have also seen that larger grain sizes in the boron-doped diamond (BDD) film lead to more robust superconductivity with higher critical field and transition temperatures. Based on our findings on nanofabricated samples, we are in a position to fabricate and study quantum devices made from this material with larger grain sizes, which will be presented in the next section.
Superconducting Quantum Interference Device
Made From Superconducting Diamond
As we have seen in the preceding section, superconductivity persists in nanoscale BDD samples and hence opens the possibility to realize superconducting devices with this very interesting material. The main idea is to explore the possibility of harnessing the high critical field of the material for making sensitive quantum devices, which can operate at magnetic fields of a few Teslas. Such a device is the superconducting quantum interference device (SQUID). In this section we will describe the realization of a micron-scale superconducting quantum interference device (m-SQUID). A SQUID is a superconducting loop containing one or more Josephson junctions and the phase accumulated across the junctions results in a modulation of the critical current when an external magnetic field is applied. First invented by Jaklevic et al., 25 it is an extremely sensitive device that can be used to measure extremely small magnetic fields. These devices find applications in various fields of science, such as scanning SQUID microscopy, 26, 27 magnetoencephelography (MEG) 28 and magnetic property measurements, 27, 29 to name a few. A schematic of the measurement set-up for SQUID oscillations is presented in Figure 16 .10. The SQUID is formed by a superconducting loop containing two weak links and is current-biased by adding a large biasing resistor R b in series with a voltage source V s . The value of R b is chosen in such a way that R n , the normal state resistance of the device, is much smaller than the biasing resistor. In our case with a normal state resistance of the order of a few kilo-ohms we chose 1 MO for the resistor such that the current in the circuit is determined by the biasing resistor at all times. To measure a V-I curve, we swept the source voltage and, therefore, the current in the circuit. We measured the output voltage with a low noise amplifier and recorded the bias current when the sample transited into its normal state. Such a measurement is repeated by varying the magnetic flux f and the critical current shows a periodic behaviour as a function of the magnetic flux with the oscillation period being one flux quantum f o ¼ h/2e in the SQUID loop, as shown schematically in panel B of Figure 16 .10. Another way of measuring these oscillations is to bias the SQUID with a constant current close to I c and to measure the output voltage as a function of applied flux, although this technique is limited to shunted devices and will be discussed below. Now, if one biases the SQUID at the point of steepest slope (black point in panel B of Figure 16 .10), a small change in flux through the SQUID loop results in a large change in the measured critical current. In this way this device acts as an extremely sensitive flux detector and, hence, a magnetic field detector capable of detecting fields as low as 10 À14 T is possible. 30, 31 For comparison, the magnetic field of a heart is around 10 À10 T and that of the human brain is around 10 À13 T. In general this detector has serious limitations in the form that it can only be used in environments where the magnetic field perpendicular to the SQUID plane is well below 1 T or by using a pick-up coil, which is placed within the magnetic field, while the SQUID has to be placed in a magnetic field protected environment. 29 In the literature one can find SQUIDs made from materials like Nb 3 Sn 32 and Nb 3 Ge, 33, 34 which have high critical fields; however, their operation at high fields has not been proven to date. In the following subsection we will describe the study of m-SQUIDs made from boron-doped diamond, which can be operated in magnetic fields in excess of 1 T. Such a device can find applications in the fields of ultrasensitive motion detection of nanomechanical systems 35 and high-field SQUID microscopy, to name a few.
Low Temperature Studies on Non-shunted Devices
Our m-SQUID devices were fabricated out of 300 nm thick boron-doped diamond films using the steps depicted in Figure 16 .1. A typical circuit, along with its components, is shown in Figure 16 .11. Each circuit consists of six m-SQUIDs-the difference being in the widths of the weak links, which in this case serve as the Josephson junctions. 36, 37 We have fabricated devices with three different widths: 100 nm, 170 nm and 250 nm. The lengths of the links are kept fixed at 250 nm and the arms of the devices are 500 nm wide. The data presented here will be mostly from the m-SQUID with weak links, a width of 100 nm and a length of 250 nm, unless otherwise stated. The area of the m-SQUID is 2.5 mmÂ2.5 mm. The measurements were done in both a We have performed detailed low-temperature characterizations of our devices. 38 In this subsection we will present the main results of our measurements. The resistance data from the measurements reveals a transition temperature of 3 K, as shown in panel A of Figure 16 .12. The V-I characteristics of the samples were hysteretic but, on application of a magnetic field, the hysteresis disappeared once the critical current dropped below the re-trapping current due to pair-breaking effects. The hysteretic behavior is due to thermal effects. 24, 39, 40 The variation of the critical current with magnetic field is shown in panel B of Figure 16 .12. The critical current drops exponentially until the field reaches 1 T and then the decay in the critical current is much slower until 4.5 T, where the sample is no longer superconducting. This existence of superconductivity at such high fields gives diamond the advantage of being a material for high field quantum devices.
We have also measured the critical current oscillation by applying the field both in-plane and out-of-plane. 38 A summary of the results is shown in Figure 16 .13, where we present results from a m-SQUID with 100 nm wide weak links. Panel A shows the oscillation at low fields, where the device is hysteretic. We see clear oscillations with a period of B0.31 mT, which corresponds to an effective area of the m-SQUID of approximately 2.6Â2.6 mm 2 , which is in agreement with our geometrical dimensions. The modulation amplitude is 15% for the device with 100 nm wide weak links, while our measurements for 170 nm wide weak links show a modulation of approximately 5%. 38 These modulation values are comparable to values seen in case of aluminium and niobium m-SQUIDs. 41 The sensitivity of our device can be estimated by repetitively measuring the critical current at a point of highest slope on the oscillation curve. We obtained a sensitivity of 40 mF o Hz À1/2 , which is comparable to sensitivities of m-SQUIDs with a similar design made from niobium and aluminium. 42 The sensitivity of the diamond m-SQUID can be increased by carefully optimizing the SQUID design, as well as the material properties. 43 At present, the sensitivity is limited by our electronic setup, as well as external noise sources.
When a large magnetic field (4150 mT) is applied to the superconducting device, it reduces the critical current below the re-trapping current. This leads to a non-hysteretic nature of the voltage-current characteristic. Since the characteristic is non-hysteretic, an AC-based measurement technique can be used to record the SQUID oscillations. The measurement technique has been detailed in an earlier publication. oscillations close to 4 T. The periodicities of the oscillations are not perfectly symmetric. This is due to the fact that we are using the same coil with a field perpendicular to the m-SQUID to apply a steady magnetic field up to 4 T, as well as the small variations of the order of 0.02 mT to probe the SQUID oscillations, which are of the order of 0.3 mT. Because of such small variations in the field, we measured the actual field values by averaging the value over a time scale of approximately 1 min. This limitation in the measurement setup can easily be removed by putting a feed line close to the m-SQUID for probing the oscillations. 35 We have also measured the voltage oscillations of our m-SQUID by applying a constant field in the plane of the sample as schematized in panel C of Figure 16 .13. The in-plane applied field, B xy , is perpendicular to both weak links. A small probing field B z is applied perpendicular to the plane to measure the oscillations. In our measurements we have kept B xy constant at 0.5 T and 1 T, which is the highest possible field for our xy-coil and the result of the measurement with an in-plane field of 1 T is shown in panel D of Figure 16 .13. The point worth mentioning here is that the thickness of our m-SQUID is close to 300 nm, and in standard superconductors such oscillations are not visible under similar conditions when the layer thickness exceeds a few nanometers. 44 In the literature one can find reports of extremely sensitive m-SQUIDs being used in a variety of applications, like scanning SQUID microscopy, 26, 42 magnetization measurements in mesoscopic systems 23, 45 and in isolated molecules, to name a few. 46 However, a severe drawback of all these devices is the narrow range of magnetic fields that they can operate within. In addition, when m-SQUIDs were operated at fields above 1 T, the field was applied perfectly in the plane of the sample, 44 keeping the thickness of the device close to few nanometers, which severely reduces the critical current of the system. The diamond m-SQUID detailed in this section does not suffer from any such disability and can operate at fields as high as 4 T, as shown above, which is more than a six-fold increase over the present state of the art. 47 
First Trials on Shunted Devices
In the previous section we have shown that a m-SQUID made from borondoped diamond has functionality in applied fields in excess of 1 T; however, we have also found that its low field characteristics are hysteretic, which severely limits its usability with regards to measurement speed and sensitivity. Hence, it is important to see whether this hysteresis can be removed. As pointed out above, the hysteresis is mainly due to thermal effects and one way of removing the hysteresis is to put a heat shunt in contact with the weak links. In this way the heat generated by the device when it transits from the superconducting to the normal state can be evacuated instantaneously and the system will be void of any thermal effects.
For making shunted m-SQUIDs, two different approaches can be considered. One possibility is to grow the diamond films on a metal surface, while the other is to cover the whole device with metal in the same way as ohmic contacts are made for measuring the devices. In this section we will show preliminary results using the first method. To choose an appropriate metal for the heat shunt, one has to consider the growth conditions. For a good quality diamond film, it is important that the diamond film sticks firmly to the substrate. For metal films, this adhesion is directly dependent on the ease with which the diamond film can form metal carbides. In this regard we chose tungsten, which readily forms carbide and thus gives rise to a good adhesion to the diamond film. To start with, we used two borondoped diamond films grown on a tungsten film on a silicon wafer with different thicknesses of tungsten. The thickness of the tungsten layer was fixed at 20 nm and 50 nm. The steps for realizing the nano-circuits are the same as detailed in Figure 16 .1. Only, in this case, the etching has to be done very carefully since the oxygen plasma also attacks the tungsten layer. We have made two circuits; one in which the tungsten layer has been left untouched and the other in which tungsten has been left only underneath the etched diamond layer, as shown schematically in Figure 16 .14.
In this case the ohmic contacts were made by a silver paste instead of the usual titanium, platinum and gold trilayer. This is because the trilayer process requires 30 min baking in a high vacuum environment to generate the ohmic contact between the diamond and the metals. In order to avoid any diffusion of tungsten into the diamond layer this step was omitted. In Figure 16 .15A and B we show scanning electron micrographs of the two types of circuit. Although the two sets of images look similar, on careful observation of the right panel in Figure 16 .15B, one can identify a thin dark layer underneath the SQUID device, which corresponds to the tungsten layer left over after the etching process.
Here, m-SQUID designs and dimensions are essentially the same as for our unshunted SQUIDs. The weak links have the same lengths (250 nm), while the width was varied from 100 to 170 and then to 250 nm. The different widths give rise to different critical currents of the system. In this section we will present data from the m-SQUID with weak links of widths of 100 nm.
In the following we present the experimental results of a device with a shunt metal (50 nm of W) on the complete chip (panel A Figure 16 .15), as Figure 16 .14 Schematic of the two different circuits assessed for shunted SQUIDs.
The blue layer is the silicon wafer, the red layer is tungsten (20 nm and 50 nm) and the green layer is boron-doped diamond (BDD).
shown in Figure 16 .16. The resistance versus temperature curve shows two clear transitions. We associate the first transition, which is close to 1.2 K, to the weak links, while the other one is from the entire circuit and close to the bulk transition. We have measured the V-I characteristics of the device using the DC measurement technique, as previously described. The DC technique is particularly useful for checking the presence of hysteresis in the circuit. The V-I characteristic is S-shaped, which is typical for shunted superconducting devices and similar to what is observed for unshunted SQUIDs at high magnetic fields. The voltage oscillation can hence be measured with the same AC-measurement technique. We fix the bias current to 0.12 mA and record the resulting voltage oscillations as depicted in panel C of Figure 16 .16.
To understand the behaviour of the shunt layer it is essential to understand the difference in critical current that we see in the case of non-shunted and shunted SQUIDs. For the shunted SQUID, we observe a critical current of 50 mA, which is significantly higher than what we have observed for nonshunted devices with similar dimensions, which have a value close to 1 mA. This, we believe, is due to the fact that the shunt layer covers the whole chip. When the diamond is in the superconducting state, all the current in the system passes through the diamond layer, but as soon as it reaches the normal state, the current in the system is divided between the shunt layer and the diamond layer. In this kind of geometry, when the diamond layer is in its normal state, there are many low resistance paths in the shunt for the current to flow, which are not only confined to the nanostructure. Since the resistance of the diamond layer is of the order of few kO and the shunt layer sheet resistance is close to 1 O sq
À1
, a large portion of the current passes through the shunt layer and then the diamond layer transits back to the superconducting state. This leads to the increase in the critical current that we see. This argument is validated further by our results for the second set of samples, where the 50 nm shunt layer is geometrically confined below the nanostructure only. In that case a large increment in critical current (I c B0.8 mA) is not observed due to the higher resistance of the tungsten layer. Hence, a large current is needed in the case where the metal is spread over the entire chip to transit the diamond film into the normal state so that, even if the current is divided between the two layers, the current through the diamond layer is large enough to retain its normal state. For completeness, let us add that, for films with a 20 nm thick tungsten shunt layer, the m-SQUIDs were hysteretic for temperatures much below the transition temperature, and hence the shunt layer was not sufficient to evacuate the generated heat in the weak links.
In conclusion we have shown in the first part of this section that borondoped diamond can be used to make sensitive quantum devices, which can be operated at very high magnetic fields. This opens up a variety of new application, such as their use with nanomechanical oscillators to fabricate sensitive motion detectors. Apart from that, we have also demonstrated that it is possible to build quantum devices void of any thermal effects using tungsten in contact with the nanostructure, improving its usability for low field applications. It is to be noted that further studies on device optimization with respect to an appropriate shunt layer thickness and shunt geometry is needed before final conclusions on the device capabilities can be drawn.
Nanomechanical Systems
In the preceding section we exploited the truly remarkable electric properties of boron-doped diamond and demonstrated that nanocrystalline borondoped diamond is a promising material to realize superconducting quantum devices. In this section we would like to exploit the mechanical properties to show that boron-doped diamond can also find its application in the fields of micro-and nano-electromechanical systems.
More generally, nanomechanical resonators offer a wide range of applications in modern technology, as well as in state-of-the art research. On the one hand, they can be used as detectors for single atom masses, 48 single charges 49 and single spins. 50 On the other hand, an emerging class of highly miniaturized timing devices start to rival the electrical performance of the well-established quartz-based oscillators 51 that are used in modern technology. Applications range from real time tracking, frequency up and down conversion in radio frequency (RF) transceivers and the clocking of logical circuits.
The miniaturization of the resonators brings along a variety of new problems to the well-established field of micromechanical resonators. 52 A new set of transducers must be developed, surface properties start to play a significant role at submicron dimensions and it becomes more difficult to maintain a reproducible nanofabrication. Miniaturization, on the other hand, allows exploration of novel regimes, in particular the quantum regime.
53-55
The challenge we address in the research presented here is the pursuit of high quality factors in nanomechanical systems. In a first approximation the quality factor describes the rate of energy loss compared to the energy stored in the resonator. An ideal dissipation-free resonator only vibrates at an infinitely narrow fundamental frequency with corresponding frequency harmonics, but since real systems are limited by interactions with their surroundings, the oscillator is damped and its energy is dissipated. Electric-LC resonators, for example, exhibit quality factors that rarely surpass 100, while mechanical systems can exhibit very high quality factors up to several millions. [56] [57] [58] Superconducting diamond is the perfect candidate for the realization of nanomechanical oscillators with very high quality factors. Its sp 3 hybridization, along with the resulting strong sigma bonds, make it the hardest material on Earth, resulting in a very high Young's modulus of the order of one terapascal. 59 In addition, its exceptional superconducting properties make it a perfectly dissipation-free system with regard to its electric properties. All energy loss is hence of a mechanical nature, which in turn should lead to extremely high quality factors. Furthermore, the high quality factor goes directly with a low energy exchange with the environment. Along with a high resonant frequency, this allows in principle the implementation of these kinds of structures in modern quantum information technology, for example, as tools for quantum metrology or as coupled hybrid quantum systems.
In the following we will present the first realization of BDD resonators. We will then introduce a simple experimental setup to detect and characterize nanomechanical resonators directly and will briefly underline the superb characteristics of superconducting diamond. An outline for future research aspects will be given at the end of this section.
In Figure 16 .17 we present two nanomechanical BDD resonators. The fabrication process has already been detailed in Figure 16 .1. We chose two different structures for our measurements: the first resonator consists only of boron-doped diamond to show that it is feasible to drive the resonator in its superconducting regime and the second resonator has a thin 50 nm gold layer on the top. This allows study of its behavior even at temperatures above the superconducting critical temperature, although these measurements will not be discussed here.
A well-established technique for measuring nanomechanical resonators is the so-called magneto-motive detection scheme. 60 It is mainly used to determine the characteristic properties of a resonator, such as its resonance frequency, non-linear behavior and its quality factor. In addition, this technique allows one to distinguish a mechanical resonance from an electrical one by simply varying the magnetic field. When an oscillating current is passed through the resonator in a magnetic field perpendicular to the current flow, the resonator is actuated via the Lorentz force when the driving frequency matches the resonance frequency of the structure. At the same time, the motion of the oscillator induces a time-varying voltage due to Faraday's law, which manifests itself as an increase of the impedance of the device. In our setup this impedance is measured via a transmission measurement, which is carried out using a Rhode and Schwartz vector network analyzer (VNA), as depicted in Figure 16 .18.
The signal from the generator port is fed through a 50 O adapted coaxial line with two cryogenic attenuation stages. The first thermalization takes place at the 4.2 K stage, the second at the 1.2 K stage with two identical attenuators of 20 dB each. The signal is then fed through the sample that is located at the lowest temperature stage of the 3 He cryostat with a base temperature of 400 mK. The transmitted signal is amplified with a commercial low noise amplifier (Caltech CITLF1 SN120) that is thermally anchored at 4.2 K and recorded via the input port of the VNA, which measures the amplitude, as well as the phase of the signal. All measurements were carried out using this setup.
The transmission has been measured as a function of input power and external magnetic field in order to identify the superconducting-normal transition of the mechanical resonator. Figure 16 .19 shows this behavior for the pure diamond beam from Figure 16 .17. At zero magnetic field (blue curve), one can clearly identify the superconducting state: the transmitted signal is constant up to À10 dBm input power.
At this point, the superconducting-to-normal-state transition occurs and the transmission drops about 27 dB. From this value we can calculate the series resistance of the device to be approximately B2.1 kO, which corresponds to the normal state resistance of the mechanical resonator. The transition occurs at lower input power for higher magnetic field until about a magnetic field of 4 T, above which the sample stays normal.
In Figure 16 .20 we present the mechanical properties of the resonator, where we measure the frequency response of our oscillator. Panel A in Figure 16 .20 depicts the transmitted signal at resonance at a magnetic field of 2 T. From a Lorentzian fit we can extract the loaded quality factor of about 40000 and, from the phase response (panel B), we determine the exact resonance frequency to be 9.392110 MHz (zero crossing of the phase). The quality factor in our system is mainly limited by clamping and surface losses due to the strong undercut of the clamping pads by the HF etching procedure, as seen in Figure 16 .17. Further measurements are, however, necessary to confirm this statement. The loss mechanism can, in principle, be studied via the length dependence of the quality factor in greater detail. 61 One disadvantage of the magneto-motive detection scheme is the onset of eddy currents inside the structure, which gives rise to an additional magnetic field that is opposed to the applied external magnetic field. This leads to an additional force acting on the resonator that is opposite to its movement. This additional damping adds linearly to the intrinsic mechanical damping, whereas its contribution is quadratic as depicted in Figure 16 .21. From the fit we can extract the unloaded or intrinsic quality factor of about 41000.
In order to compare to other nanomechanical resonators made from different materials, it is common to calculate the product of resonance frequency and quality factor for which we obtain 3.37Â10 11 . This value is similar to state-of-the-art mechanical resonators. 62 The ability to realize superconducting diamond resonators has a variety of possible applications in modern research. Their mechanical and superconducting properties make them an outstanding candidate for the integration into superconducting quantum circuits. It is feasible to incorporate such a high quality resonator into a SQUID loop 35 or to couple it to a superconducting cavity 63 for ultrasensitive displacement detection. 
Summary and Conclusions
In conclusion we have presented in this chapter a comprehensive study on nanostructures made from boron-doped diamond. It has been shown that the material retains its remarkable properties even when it is nanofabricated. We have also demonstrated the working of a micron-sized SQUID made from boron-doped diamond. SQUIDs made from boron-doped diamond retain their functionality even at fields as high as 4 T. We have also attempted to make shunted devices out of this material but rigorous efforts are needed before realizing a device that can be usefully employed in various applications. Lastly, we have presented our results from nanomechanical resonators, which clearly show that this material is indeed a good candidate for making monolithic superconducting nanomechanical devices. The next steps in realizing better devices can be divided into two parts: a first approach can be to investigate various design parameters to obtain the best sensitivity and quality factors. A second approach can address the material considerations, which may lead to nanocrystalline samples with higher critical parameters, like critical temperature, critical field, Young's modulus etc. In particular, boron-doped diamond grown on substrates to induce compressive stress in the diamond layer would significantly enhance the quality factor. [64] [65] [66] [67] It also remains to be seen what happens when these devices are made from monocrystalline diamond films. It is expected that the monocrystalline films may result in better devices due to the absence of inherent defects, like grain boundaries and sp 2 carbon present in the nanocrystalline BDD films; however, the fabrication and measurement techniques may have to be adapted for handling monocrystalline diamondbased devices.
